Metallo-␤-lactamases (MBLs) are Zn
␤-Lactamase production represents a common mechanism of bacterial resistance and cause of failure in the treatment of infections (1) . Among the different groups of ␤-lactamases defined on the basis of structural similarity and catalytic mechanisms, the metallo-␤-lactamases (MBLs) are especially worrisome (2, 3) . This group is constituted entirely of metalloenzymes employing Zn 2ϩ for catalysis; members of this group can hydrolyze a broad spectrum of substrates, including the latest generations of clinically relevant ␤-lactams, and can be rapidly spread by horizontal gene transfer (1) (2) (3) . Among the different strategies for controlling MBL dissemination, efforts have so far been focused on the design of a general MBL inhibitor, a goal so far hindered by the diversity of active-site structures among these metalloenzymes (4) .
A less known aspect of MBL research, but one that may provide potential targets for antimicrobial drug design, is the MBL biogenesis pathway (5) . We previously reported that the productive biogenesis of the GOB-18 MBL in Escherichia coli requires an "expanded" DnaK chaperone system to assist the cytoplasmic transit of the preapoprotein to the secretion system (5) . Moreover, we also found that secretion of the apo GOB-18 form is driven by the Sec (SecA-SecYEG) machinery, implying that final folding and Zn 2ϩ ion assembly to the native MBL conformation occur in the periplasm (5) . Unfolded proteins emerging from the Sec channel are greeted by a highly complex macromolecule-crowded environment containing an array of modifying enzymes, some of them endowed with the ability to act as folding assistants (6) (7) (8) . This complex scenario can certainly affect individual folding landscapes (6) , but whether the final steps of MBL folding and Zn 2ϩ assembly are assisted by periplasmic factors is yet obscure (5) . Yet, different lines of evidence suggest that this might be the case. First, in vitro assays have shown that Zn 2ϩ binding (and therefore final folding) by different apo MBL forms requires ␤-lactam substrates, suggesting that ion-less nonnative forms might prevail in vivo in their absence (9) . Due to the high protease content of the periplasm, some means of protection of these nonnative forms from degradation must exist (10) , thus suggesting the existence of periplasmic factors performing this role, which is typical of folding assistants (8) . Second, production of different apo MBL forms in the E. coli cytoplasm by means of expression vectors lacking transit sequences directing secretion resulted in the accumulation in this compartment of mostly Fe-containing inactive MBLs (11, 12) . By contrast, Zn-containing native MBLs are predominantly recovered when the same apoproteins are directed to the periplasm (11, 12) , suggesting the existence of factors in this compartment mediating Zn 2ϩ supply or assisting folding (or refolding) until the native conformation is reached.
By using different genetic approaches we searched here for the existence of factors assisting biogenesis of the GOB-18 MBL in the periplasm of Escherichia coli and Salmonella enterica. For this purpose the preapoprotein was produced from expression plasmids (5) and the resulting GOB-18-mediated cefotaxime (CTX) resistance of the cells was analyzed. E. coli mutants lacking periplasmic proteins with chaperone capabilities, including SurA, FkpA, DegP, PpiA, PpiD, DsbA, DsbC, and DsbG (6, 7), showed no significant reductions in GOB-mediated CTX resistance. Yet a different approach using S. enterica MudJ transposon mutagenesis showed that an insertion in the phsABC-dacD cluster (13, 14) was associated with reduced GOB-18-mediated CTX resistance. This phenotype could be associated with the deletion of the dacD gene in S. enterica and also in E. coli, concomitant with a lower accumulation of GOB-18 in the periplasm of the ⌬dacD mutants. dacD encodes the low-molecular-mass (LMM) penicillin binding protein 6b (PBP6b), ubiquitously present in Gram-negative bacteria but of still poorly defined function(s) (15) (16) (17) (18) (19) (20) . Moreover, the ⌬dacD mutants of both species showed altered biofilm growth. Our results indicate roles for DacD in the biogenesis of particular secretory macromolecules in Gram-negative bacteria and provide the first reported bacterial phenotypes associated with the loss of this LMM PBP.
MATERIALS AND METHODS
Bacterial strains and plasmids. S. enterica and E. coli laboratory strains and plasmids used in this work are listed in Table 1 . The E. coli K-12 strain BW25113 wild type (wt) and derived mutants were obtained from the Keio collection (21) .
Culture conditions and induction and analysis of GOB-18 production. All bacterial strains were grown aerobically at 37°C in LB medium supplemented with the appropriate antibiotics where required (kanamycin [Km], 25 g/ml; chloramphenicol [Cm], 15 g/ml; ampicillin, 100 g/ml). For pre-apo GOB-18 production in bacteria transformed with plasmid p-preGOB, the cells were grown in LB liquid medium in the presence of 15 g/ml Cm to an absorbance at 660 nm (A 660 ) of 0.3 and L-arabinose was added at this step to a final concentration of 0.2% (wt/ vol). Incubation was continued under these conditions, and cell aliquots were removed at the times indicated in the figures for the analysis of GOB-18 in periplasmic fractions by SDS-PAGE and immunoblotting as described previously (5) .
Evaluation of bacterial CTX resistance phenotypes. The different S. enterica and E. coli strains and derived mutants bearing p-preGOB were grown aerobically at 37°C in Cm-containing LB liquid medium to an A 660 of 0.3 as above. Aliquots were withdrawn and sequentially diluted 10-fold, and 5 l of each of these dilutions was poured on the surface of LB agar plates containing 0.2% (wt/vol) L-arabinose, 15 g/ml Cm, and 0.1 g/ml CTX. A replica plate lacking CTX was used to evaluate differences in growth behavior due to the particular mutations analyzed. Differences in GOB-mediated CTX resistance were evaluated after incubation at 37°C for 24 h.
CTX MIC values were estimated by the agar dilution technique as previously described (5) . In short, the analyzed bacterial strains were grown as above and induced with L-arabinose. After an additional 1 h of incubation under these conditions, culture aliquots were adjusted to an A 660 of 0.3 with fresh LB medium and sequentially diluted 10-fold, and 5 l of each dilution was poured onto the surface of LB agar plates supplemented with CTX at concentrations ranging from 0.01 to 25 g/ml. MIC values were estimated after 24 h at 37°C.
S. enterica MudJ mutagenesis and screening. A library was constructed on S. enterica 1344 cells harboring plasmid p-preGOB by MudJ transposon mutagenesis (22) , and mutants were analyzed for reduced CTX resistance by replica plating in the absence or presence of 0.1 g/ml CTX on Km-and Cm-LB agar plates supplemented with 0.2% (wt/vol) L-arabinose. From 5 clones out of 11,336 colonies analyzed initially displaying this phenotype, one consistently regenerated P22-mediated transductants in fresh S. enterica/p-preGOB backgrounds, maintaining the reduced CTX-resistant phenotype. These transductants were designated RCR (for reduced CTX resistance) and used for further analyses. These cells were also used to further transduce the MudJ mutated locus to fresh S. enterica backgrounds lacking p-preGOB (see Table 2 and Fig. 4) .
Southern hybridization using a 32 P-labeled npt probe indicated a single MudJ chromosomal insertion in RCR cells (not shown). Chromosomal DNA was isolated from these cells, digested with EcoRI and BamHI, ligated to plasmid pBluescript SK(Ϫ), and transformed into competent E. coli DH5␣ cells. After selection in LB agar plates containing 25 g/ml Km and 100 g/ml ampicillin, plasmids were isolated from different colonies and used to identify by sequence analysis the S. enterica chromosomal locus targeted by MudJ.
Construction of a plasmid directing expression of S. enterica phsABC genes. A PCR fragment encompassing the S. enterica phsABC DNA region from 67 bp upstream of the phsA initiation codon (including promoter sequences) to 17 bp downstream of phsC (see Fig. 1D ) was generated by using purified DNA from S. enterica 1344 cells and phs forward (5=-CTCggatccT TGAAGCCGACATTTC-3=) and reverse (5=-CACgaattcATTATTTTATG GATACGC-3=) primers designed from published sequence data (14) . BamHI and EcoRI sites (lowercase letters) were additionally incorporated into the forward and reverse primers, respectively, for subsequent cloning purposes. The PCR product was digested with BamHI and EcoRI, ligated into pBluescript SK(Ϫ) ( Table 1) , and transformed into competent E. coli DH5␣ cells as above. The cells were plated on LB agar containing 100 g/ml ampicillin and incubated for 48 h at 37°C, and different colonies were tested for the newly acquired cell ability to produce H 2 S from thiosulfate (14) . A plasmid isolated from an H 2 S-producing E. coli clone was found by restriction mapping to bear the S. enterica phsABC genes (14) and was designated p-PHS (Table 1) for further studies.
Construction of S. enterica ⌬dacD mutants. The dacD gene of S. enterica 1344 was replaced by an npt cassette by following previously described procedures (23) . In short, a DNA fragment containing the npt gene and S. enterica dacD neighboring regions was generated by PCR This work using primers dacD-direct (5=-ACTGAACTTCCGTAAAAAGAACGGC AAATAGAGACCATCCTGAGGACATGATTCCGGGGATCCGTCGAC C-3=) and dacD-reverse (5=-TGACGGTGAACGGTGTGTGTGACAACG GCTTACGCTTTATGCTGAAAATATGTAGGCTGGAGCTGCTTCG-3=), designed after the npt cassette (23) and the S. enterica dacD neighboring regions (GenBank accession number AE014613.1). After transformation into S. enterica 1344 cells bearing plasmid pKD20 (23), ⌬dacD::npt cells were selected in LB agar plates containing 50 g/ml Km, and the replacement was confirmed in several clones by PCR. A selected clone was used to grow P22 phage to further transduce the ⌬dacD::npt allele to fresh S. enterica backgrounds ( Table 1) .
Complementation of E. coli ⌬dacD mutants with a plasmid directing controlled expression of the dacD gene. The E. coli dacD gene was amplified by PCR and cloned in a pBAD derivative conferring Km resistance (24) using the same primers and procedures described by other authors (19) . After the appropriate construction was confirmed by sequence analysis, the dacD expression plasmid (pBDacD) ( Table 1) was transformed into E. coli BW25113 ⌬dacD mutants from which the npt cassette had been previously removed (21) (E. coli ⌬dacD* mutants) (Table 1). These cells were subsequently transformed with plasmid p-preGOB (Table 1) , and the effects of restoring dacD in trans on GOB-mediated cell CTX resistance were assayed. Parallel controls were also conducted using E. coli ⌬dacD*/p-preGOB cells transformed with the empty pBAD-Km vector. Since uncontrolled expression of dacD from plasmids may be deleterious and even promote cell lysis (16) , different L-arabinose inducer concentrations were tested in experiments using pBDacD. We found that 0.002% (wt/vol) L-arabinose represented the optimal compromise between obtaining maximal GOB-18 induction while simultaneously preventing significant cell lysis.
Cell fractionation procedures and analysis by SDS-PAGE. Periplasmic fractions were isolated by subjecting S. enterica or E. coli cells to hypo-osmotic shock by following previously described protocols (25) . Possible cross-contaminations with cytoplasmic proteins were assayed by analyzing GroEL and DnaK contents in these fractions by immunoblotting in accordance with previously described procedures (5). Total cell extracts (5) and outer membrane (OM) fractions (26) were isolated by following previously described procedures. The protein profiles of these fractions were obtained by SDS-PAGE using 12% (wt/vol) polyacrylamide gels. Immunoblot analysis using anti-GOB-18, anti-GroEL, antiDnaK, anti-OmpA, or anti-OmpW was conducted by following previously described procedures (5) .
Functional evaluation of OM integrity. We essentially followed previously described procedures to evaluate the SDS cell sensitivity of S. enterica RCR mutants (27) .
Biofilm formation. Biofilm growth was studied by analyzing bacterial adherence to polystyrene surfaces (28) and colony morphotype on Congo red agar plates (29) .
Other. DNA sequencing was conducted at the DNA Sequencing Service of Maine University (Orono, ME).
RESULTS
GOB-18-mediated CTX resistance in E. coli strains with mutations in genes encoding periplasmic chaperones. Different experimental data indicate that a number of periplasmic proteins displaying peptidyl-prolyl isomerase (SurA, FkpA, PpiD, PpiA), disulfide isomerase (DsbA, DsbC, DsbG), or protease (DegP) activities are also endowed with ability to assist in the folding of a number of E. coli envelope proteins (6, 7). We thus evaluated first whether any of them could also assist GOB-18 folding by analyzing the CTX resistance phenotypes of the corresponding E. coli mutants (Table 1) bearing p-preGOB. None of these mutations, however, promoted significant reductions in the CTX resistance, as judged by the MIC values of the corresponding cells, which were similar or identical to that of the wt strain containing p-preGOB (data not shown).
This suggests no significant individual roles for the corresponding periplasmic proteins in GOB-18 biogenesis.
Isolation of S. enterica RCR mutants displaying reduced GOB-mediated CTX resistance. We next constructed a library of MudJ insertional mutants on S. enterica 1344 cells bearing p-pre-GOB and searched for clones displaying reductions in CTX resistance (see Materials and Methods for details). One initially identified mutant clone consistently regenerated transductants displaying reduced CTX resistance in S. enterica 1344 and 14028 genetic backgrounds (Fig. 1A and Table 2 ). These transductant lineages were designated RCR (for reduced CTX resistance) and used for further phenotypic and genotypic characterization.
No differences in S. enterica RCR growth rates compared to those of their isogenic (p-preGOB-containing) wt strains were observed in Cm-containing LB liquid medium in the absence of CTX (not shown), indicating no growth defects due to the MudJ insertion in these mutants.
RCR mutants showed no significant alterations in OM composition or SDS permeability. We evaluated next whether the chromosomal disruption generated by the MudJ insertion could alter RCR OM functions. However, neither a significant change in OM protein profiles (Fig. 1B) nor increased susceptibility to SDS (Fig. 1C) could be observed in RCR mutants compared to wt cells bearing p-preGOB. These results indicated no substantial defects in OM composition or permeability in RCR cells. In line with these observations, the intrinsic CTX resistance of mutants bearing the MudJ insertion but lacking plasmid p-preGOB (Table 1) was similar or identical to that of the corresponding isogenic wt strains (Table 2) .
MudJ is inserted at the phsABC-dacD locus in S. enterica RCR cells. The chromosomal region targeted by MudJ in RCR cells was identified by cloning an EcoRI/HindIII chromosomal fragment containing a transposon fragment bearing the npt gene and adjacent regions (see Materials and Methods for details). Sequencing analyses revealed that MudJ was inserted into the phsB gene of the S. enterica phsABC-dacD genetic cluster (Fig. 1D) , genes that are apparently cotranscribed (13, 14) . phsABC genes encode the subunits of a periplasmic thiosulfate reductase involved in the dissimilatory reduction of thiosulfate to H 2 S, a pathway common to Salmonella species but rarely present among other Enterobacteriaceae members (13, 14) . dacD codes in turn for the LMM PBP6b, ubiquitously present in members of the Enterobacteriaceae family (15) (16) (17) (18) (19) .
Mutational loss of dacD in S. enterica resulted in reductions in GOB-mediated CTX resistance phenotypes. Either the insertional inactivation of phsB or reductions in the expression of downstream genes could account for the reduced CTX resistance phenotypes of RCR cells. To distinguish between these possibilities, we first analyzed whether introduction of plasmid p-PHS containing the cloned phsABC genes could revert the reduced CTX resistance phenotype of RCR cells. However, as seen in Table 2 , no significant recoveries of CTX resistance could be observed in RCR mutants transformed with p-PHS.
We next constructed S. enterica ⌬dacD deletion mutants and tested whether these cells displayed reduced CTX resistance phenotypes. As seen in Table 2 and as judged by the MIC values obtained, ⌬dacD mutants on 1344 and 14028 backgrounds displayed reductions in GOB-mediated CTX resistance similar to those for the corresponding RCR cells. By contrast, the intrinsic CTX resistance shown by mutant cells lacking p-preGOB was not substantially altered ( Table 2) .
The overall observations thus strongly pointed to the loss of DacD as being responsible for the reductions in GOB-mediated CTX resistance.
E. coli ⌬dacD mutants also show reductions in GOB-mediated CTX resistance. E. coli contains a dacD homolog displaying 87% identity to that of S. enterica and also lacks phsABC genes (13-15). We thus evaluated next whether ⌬dacD mutants of E. coli cells also displayed reductions in GOB-mediated CTX resistance ( Table 2 ). As shown in the table, this was also the case, as judged by the significantly reduced MIC values obtained for mutants bearing p-preGOB. Also, and similar to results for S. enterica, the intrinsic CTX resistance of E. coli ⌬dacD mutants lacking the plasmid was not significantly affected ( Table 2 ). This lack of effect of the ⌬dacD mutation on intrinsic E. coli sensitivity to ␤-lactams has been observed previously by other authors (19) .
We next evaluated whether restoration of dacD expression from plasmids could revert the losses of GOB-mediated CTX resistance shown by E. coli ⌬dacD mutants ( Table 2 ). As seen in the table, controlled dacD expression in these mutants (⌬dacD*/ pBDacD/p-preGOB mutants) partially restored the losses in CTX resistance, as judged by the 4-fold increases in MIC values compared to those for the same cells bearing the plasmid vector (⌬dacD*/ pBAD18/p-preGOB).
These overall results indicate relevant roles for DacD in GOB-18 biogenesis in both S. enterica and E. coli.
S. enterica and E. coli ⌬dacD mutants show reduced periplasmic contents of GOB-18. We analyzed next whether the reductions in GOB-18-mediated CTX resistance shown by ⌬dacD cells could be attributed to less accumulation of this MBL in the periplasm of these mutants. A time course analysis of GOB-18 contents in periplasmic fractions of S. enterica and E. coli indicated significantly reduced accumulation of this MBL in the corresponding ⌬dacD mutants compared to that in wt cells ( Fig. 2A and  B, respectively) . However, as seen in the same figure, the bulk of periplasmic proteins showed no significant changes between ⌬dacD mutants and the corresponding wt cells, as judged by SDS-PAGE analyses (Fig. 2) . A similar observation was made for the whole-cell protein profiles of ⌬dacD mutants bearing p-preGOB, which showed no significant modifications compared to those of wt cells (Fig. 2C) . It is worth noting that comparisons of the protein profiles shown in Fig. 2B and C indicated no appreciable contamination of periplasmic fractions with cytoplasmic contents in either ⌬dacD mutants or wt cells, a result that also ruled out significant cell lysis due to the mutation. These conclusions are also supported by the very low to negligible levels of GroEL and DnaK cytoplasmic chaperones found in periplasmic fractions of both ⌬dacD mutants and wt cells, as judged by immunoblot analyses (Fig. 2C) .
The overall observations thus supported the notion that the absence of DacD affected in particular the last biogenesis steps of GOB-18 in the periplasm and that this, rather than general defects in protein secretion or increased cell lysis resulting from the ⌬dacD mutation, was responsible for the reduced GOB-18 contents. The bacterial periplasm is rich in proteases, and proteins that fail to rapidly acquire the stable native conformation are promptly removed from this compartment, a situation that also applies to GOB-18 variants containing point mutations that reduce protein stability (6, 10, 30) . The results shown above thus prompted us to evaluate whether secreted GOB-18 forms were more susceptible to protease attack in ⌬dacD mutants. In this context, supplementation of culture media with subinhibitory growth concentrations of the serine protease inhibitor phenylmethylsulfonyl fluoride (PMSF) has been found to increase the yields of slowly folding recombinant proteins directed to the E. coli periplasm (30) . By taking advantage of this observation, we analyzed whether the secreted apo forms of GOB-18 in E. coli ⌬dacD mutants were more accessible to protease attack (Fig. 3) . As seen in the figure, a higher accumulation of GOB-18 was observed in periplasmic fractions of ⌬dacD mutants grown in the presence of PMSF, while no significant increments were seen in wt cells under similar conditions (Fig. 3A and data not shown) . In agreement, PMSF addition to the culture media also restored GOB-mediated CTX resistance in ⌬dacD mutants to levels observed in wt bacteria (Fig. 3B) .
The above observations indicated an increased accessibility of secreted GOB-18 forms to periplasmic proteases in cells lacking DacD and reinforce the notion that this LMM PBP plays roles in the final steps of biogenesis of this MBL.
Loss of DacD increases biofilm formation in E. coli and S. enterica. LMM PBPs are generally believed to play roles in the remodeling of PG and the modulation of bacterial morphology (17, 31) . However, a variety of studies have indicated that some LMM PBPs endowed with DD-carboxypeptidase activity may also have roles in other processes such as biofilm formation (17, 31) . In fact, in E. coli strains, mutations deleting LMM PBP4, -5, or -7 affected biofilm formation and combinations of deletions had cumulative effects (17, 31, 32) . Also, treatment of E. coli with subinhibitory concentrations of different ␤-lactam antibiotics alters the ability of the cells to form biofilms, with some ␤-lactam groups increasing biofilm growth and others inhibiting it (32) , thus suggesting that the inhibition of different PBPs may have differential (and even opposite) effects on the ability of E. coli cells to form biofilms. Biofilm growth is a complex process that requires the proper secretion and assembly of different macromolecules such as those responsible for motility and adhesion (33) (34) (35) (36) . Given the potential roles of DacD in the biogenesis of secreted GOB-18 shown above, we decided to evaluate next whether this LMM PBP could also have functions in biofilm growth (Fig. 4) . As seen in the figure, ⌬dacD mutants of S. enterica and E. coli both showed increased polystyrene attachment abilities, reaching values 3.6-and 7.1-fold higher, respectively, than those of the corresponding wt strains. In agreement, both ⌬dacD mutants also showed increased Congo red binding morphotypes (Fig. 4B) , indicating altered production of surface curli and exopolysaccharide adhesins (33) (34) (35) (36) . To our knowledge these represent the first bacterial phenotypes described for bacterial mutants lacking DacD.
DISCUSSION
We studied in this and in previous (5, 10, 11) works the pathway(s) leading to the productive biogenesis of MBLs in Gramnegative bacteria, using as a model the expression of the Elizabethkingia meningoseptica GOB-18 MBL gene in E. coli and S. enterica. Secretion of pre-apo GOB-18 is driven by the Sec machinery, implying that final folding and Zn 2ϩ assembly to acquire the native MBL form occur in the periplasm (5) . Proteins emerging into the periplasm from the Sec channel are greeted by an environment that has a different substance bioavailability and is much more crowded than the cytoplasm and in which the semipermeable peptidoglycan (PG) layer, a myriad of PG-synthesizing and -remodeling enzymes, and large envelope protein complexes are situated (6-8, 17, 18, 34, 35) . Individual folding/assembly landscapes of secreted macromolecules are certainly affected in this complex and highly dynamic scenario, and it is therefore not surprising to find a number of periplasmic proteins with the ability to assist the folding, assembly, transit, and degradation of secreted proteins (6-8, 26, 27 ). Yet, whether the final biogenesis steps of MBLs also require assistance by periplasmic factors represented an open question, although evidence from a number of experiments (9, 11, 12) pointed in this direction. The results presented here indicate that the final steps of GOB-18 MBL biogenesis can be significantly affected by periplasmic factors. We found that mutational losses of the dacD gene in S. enterica and E. coli were concomitant with significant reductions of GOB-18-mediated CTX resistance. The reductions in CTX resistance observed in ⌬dacD mutants of both species were associated with reduced accumulation of GOB-18 in the periplasm. Since neither the global patterns of secreted proteins nor the OM barrier functions were significantly altered in the ⌬dacD mutants, the overall observations suggested more-specific roles for DacD in the final biogenesis steps of GOB-18. In agreement with this hypothesis, we found that secreted GOB-18 forms were more rapidly degraded by periplasmic proteases in the ⌬dacD mutants.
DacD is a periplasmic LMM PBP endowed with low DD-carboxypeptidase activity that is ubiquitously distributed among Gram-negative bacterial species, but a well-defined function has still not be identified (15) (16) (17) (18) (19) (20) . LMM PBPs displaying DD-carboxypeptidase activity are generally thought to be modulators of bacterial morphology and, in fact, mutational losses of the LMM PBP5 (DacA) in E. coli can result in morphological alterations (15) (16) (17) (18) (19) (20) . DacD displays around 48% sequence identity with DacA, but it contains larger amounts of ␤-sheets and lower DD-carboxypeptidase activity (15) (16) (17) (18) (19) (20) . Moreover, unlike loss of DacA, mutational loss of E. coli DacD resulted in no apparent phenotypic consequences, thus suggesting different physiological roles for these LMM PBPs (15) (16) (17) (18) (19) (20) . In this context, different experimental results suggest roles for the LMM PBP DD-carboxypeptidases in processes other than morphology maintenance such as manipulations of PG structure to modulate biofilm growth and even host immune responses (15) (16) (17) (18) (19) (20) . The observations reported in this work indicating that mutational losses of DacD resulted in an increased ability of S. enterica and E. coli cells to develop biofilm growth are in line with these proposals and also provide evidence for DacD roles in the PG remodeling machinery.
Several explanations, not necessarily mutually exclusive, could thus account for the observations presented in this work. In principle, DacD could exert a protective "holding" role against protease attack typical of many chaperones (8) to recently secreted apo GOB-18 forms that have not yet acquired a stable conformation capable of Zn 2ϩ assembly to reach the native structure. The anchorage of DacD to the periplasmic side of the inner membrane (15, 17, 18) and thus in close proximity to the SecYEG tunnel exit could in fact facilitate such a chaperone-like role.
An alternate possibility is that the loss of DacD affects indirectly the final steps of GOB-18 biogenesis due to its roles in PG remodeling. In fact, disturbances of the highly concerted PG remodeling machinery, albeit rarely lethal, are still reflected in an altered production of secreted macromolecules such as those participating in motility and adhesion (17, 18, (34) (35) (36) . The overall observations reported here reinforce the notion of more-active roles than previously envisaged for the LMM PBPs in the biogenesis of secreted macromolecules, such as the provision of adequate scaffold functions for macromolecular assembly or the temporal or spatial provision of particular substrates or degradation products derived from PG metabolism (17, 34, 35) . Further studies will certainly clarify the exact role(s) of DacD in the final biogenesis steps of GOB-18 in the bacterial periplasm. 
